Past studies have suggested that progesterone-derived ovarian hormones contribute to the discriminative stimulus effects of ethanol, particularly via progesterone metabolites that act at c-aminobutyric acid type A (GABA A ) receptors. It is unknown whether loss of ovarian hormones in women, for example, after menopause, may be associated with altered receptor mediation of the effects of ethanol. The current study measured the substitution of allopregnanolone, pregnanolone, pentobarbital, midazolam, dizocilpine, TFMPP, and RU 24969 in female sham and ovariectomized rats trained to discriminate 1.0 g/kg ethanol from water. The groups did not differ in the substitution of GABA A -positive modulators (barbiturates, benzodiazepines, neuroactive steroids) or the N-methyl-Daspartate receptor antagonist dizocilpine. Similarly, bloodethanol concentration did not differ between the groups, and plasma adrenocorticotropic hormone, progesterone, pregnenolone, and deoxycorticosterone were unchanged 30 min after administration of 1.0 g/kg ethanol or water.
Introduction
Numerous studies investigating the neuropharmacological effects of ethanol have reported that discriminative stimulus effects occur primarily through three receptor mechanisms: g-aminobutyric acid type A (GABA A ) receptors (Grant et al., 2000) , N-methyl-D-aspartate (NMDA)-type glutamate receptors (Vivian et al., 2002) , and 5-hydroxytryptamine (5-HT) 1A/1C and 5-HT 2A receptors (Grant et al., 1997b) . Cyclical fluctuation in reproductive hormones is associated with variability in the receptor mechanisms mediating the discriminative stimulus effects of ethanol. For example, discriminative stimulus effects of ethanol and of progesterone-derived neuroactive steroids that positively modulate GABA A receptors (e.g., allopregnanolone; Park-Chung et al., 1999) occur more potently in female cynomolgus monkeys during the luteal compared to the follicular phase of their menstrual cycle (1.0 g/kg ethanol training dose; Grant et al., 1997a) . As peak progesterone production by the corpus luteum occurs during the primate luteal phase, these data suggest that neuroactive steroids increase sensitivity to the discriminative stimulus effects of ethanol. Furthermore, the absence of differences in sensitivity to the ethanol-like effects of the benzodiazepine midazolam across menstrual cycle phases in cynomolgus monkeys (Green et al., 1999) implies the existence of a receptor mechanism that is independent of the GABA A benzodiazepine site, by which progesteronederived neuroactive steroids modulate sensitivity to the discriminative stimulus effects of ethanol (e.g. Lovick, 2006) .
In contrast to the studies referenced above, most studies of the receptor mechanisms mediating the discriminative stimulus effects of ethanol used male rats. Few studies have used female rats (Schechter, 1973; York, 1978) . Like female primates, the reproductive function of female rats varies, but according to a 4-5-day estrus cycle. Rising estradiol in female rats precedes a surge of luteinizing hormone that coincides with the onset of proestrus and induces ovulation. In rats, circulating levels of progesterone rise throughout proestrus. Approximately 12 h after the luteinizing hormone surge, ovulation coincides with peak progesterone, which then declines throughout estrus and is low during diestrus (Freeman, 1994) . In contrast to primates, for whom progesterone mediates development of the uterine epithelium before menses, progesterone in rats mediates cellular proliferation of the vaginal epithelium. Progesterone-derived steroids are produced by the ovaries of rats (Holzbauer, 1975) and the adrenal glands (Corpéchot et al., 1993) . The rapid fluctuation of neuroactive steroids during the rat estrus cycle is associated with altered GABA A receptor function (Finn and Gee, 1993) and subunit composition (Lovick, 2006) , which could contribute to sex differences in the receptor mechanisms mediating the discriminative stimulus effects of ethanol in rodents and differences across the estrus cycle in female rats.
In both primates and rodents, aging is associated with cessation of reproductive function, with female rats experiencing estropause after 10-12 months of cycling (Goldman et al., 2007) . Postmenopausal women are reported to have greater sensitivity to the subjective (Kerr et al., 2006) and memory-impairing (Jones and Jones, 1980) effects of ethanol. In addition, aged women suffer from the negative health consequences of heavy ethanol consumption after lower lifetime doses relative to men (Mancinelli et al., 2009) . The presence of reproductive hormones may therefore be protective by increasing sensitivity to ethanol intoxication and therefore decreasing consumption. The decline in levels of ovarian hormones in humans with age can be modeled by ovariectomy.
In a recent study in our laboratory of the effects of aging in cynomolgus macaques that previously acquired ethanol discrimination, a female monkey that had been trained to discriminate 1.0 g/kg ethanol over a decade earlier demonstrated a decrease in the substitution potency of ethanol with age, which further decreased after bilateral ovariectomy (Helms and Grant, 2011) . This trend suggests that the absence of ovarian-derived hormones alters the mechanisms mediating the discrimination of ethanol. The current study investigated the contribution of ovarian-derived neurosteroids to the receptor pharmacology mediating the discriminative stimulus effects of ethanol using ovariectomized and intact female rats. In addition, the effect of an acute intragastric administration of ethanol or water on the reproductive hormone (progesterone), stress hormones (adrenocorticotropic hormone, ACTH and deoxycorticosterone, DOC), and their precursor, pregnenolone, was compared across groups. Morrow et al. (2006) suggested that many of the acute effects of ethanol could be related to ethanolinduced steroidogenesis by stimulation of hypothalamicpituitary-adrenal axis and subsequent release of ACTH, which then promotes the synthesis of the precursor hormone pregnenolone in the adrenal cortex (Lavoie and King, 2009) . Pregnenolone can then be metabolized into numerous neuroactive steroids based upon the presence of specific steroidal enzymes (Helms et al., 2012) . Differential hormonal response to the training dose of ethanol could be related to differences in the substitution pattern of test drugs.
Methods

Subjects
Female Long-Evans sham (n = 13) and ovariectomized (n = 13) rats (Harlan Laboratories, Livermore, California, USA) were obtained at 57-69 days of age. Sham surgeries and ovariectomies were performed by Harlan Laboratories (dorsal midline) 6 days before the rats arrived. Vaginal lavages revealed an estrus cycle in one ovariectomized rat, which was subsequently reclassified as a sham rat, thus resulting in a total of 14 sham and 12 ovariectomized rats. Upon arrival, the rats were individually housed and habituated for 5 days to a temperature (221C)-controlled vivarium on a 12-h light-dark cycle (lights on at 06:00 h). After habituation, the rats were weighed and handled daily. Food restriction began 2 weeks later, when the rats were B90 days of age. Nutritionally complete rat chow was provided to maintain the rats at their 90-day weights. Water was freely available except during experimental sessions. Experimental sessions began 3 weeks after the rats' arrival. A daily food ration was provided at the end of each experimental session. These studies were conducted according to the guidelines of the Oregon Health & Science University Animal Care and Use Committee and the Guidelines of the Committee on the Care and Use of Laboratory Animal Resources (National Research Council, 1996) .
Apparatus
Experimental sessions took place 5-7 days/week, between 11:00 and 17:00 h, in ventilated and soundattenuating chambers (Med Associates Inc., St Albans, Vermont, USA). Set into one panel of the chamber were two retractable levers with three LED lights (amber, green, and red) above each lever and a central white light. The opposite panel contained a food tray for reinforcer delivery (45 mg sugar pellets; Bio-Serv, Frenchtown, New Jersey, USA). The pellets were delivered through vinyl tubing connected to a feeder located outside of the chamber. Event scheduling and data acquisition were controlled by a PC-compatible or Macintosh-compatible computer connected to an interface (Med Associates Inc.) programmed with LabView software (National Instruments, Austin, Texas, USA).
Procedure
Discrimination training
Rats were shaped to respond on a single lever, using successive approximation with a fixed ratio (FR)-1 schedule. Once a rat completed 20 responses in 15 min or less for two consecutive sessions, the response requirement increased to FR-2. The FR incremented by 1 after each session in which a rat received 20 reinforcers in 30 min or less. After FR-5, the response requirement incremented to FR-10, followed by FR-15. Beginning with the first FR-15 session, a 30-min time-out before insertion of the levers was introduced over six consecutive sessions in 5-min increments (i.e. first session, 5-min time-out; second session, 10-min timeout, etc.). All lights were switched off during the timeout, after which a lever was extended and the lights above the lever illuminated.
Response training continued until response rates were stable (SD < 0.05) for five consecutive sessions, with at least one of the sessions reaching a 30-min time-out, or after 25 sessions of the FR-15 schedule, whichever occurred first. After completing response training, the rats were gavaged with tap water (6.7 ml/kg) before each of five consecutive sessions and reinforced for responding on the water-appropriate lever, the only lever that extended after the 30-min pretreatment. Before each of the next five consecutive sessions, the rats were gavaged with 1 g/kg ethanol (15% w/v in tap water, 6.7 ml/kg) and reinforced for responding on the ethanol-appropriate lever, which was the only lever extended after a 30-min pretreatment.
Discrimination training began after these 10 forcedchoice gavage sessions. Rats were administered either water or a training dose of ethanol and were immediately placed into a chamber. After 30 min, both levers extended into the chamber and all lights were illuminated. A pellet was delivered once the rat completed the FR requirement (FR-15) on the appropriate lever. Responding on the inappropriate lever reset the FR count on the appropriate lever to zero. Ethanol-water discrimination was trained using a double-alternating schedule (i.e. water, water, ethanol, ethanol), except that the treatment condition was switched after a session in which 90% of total responses, and 70% of responses in the first FR, were to the appropriate lever. Once the above criteria were maintained for five consecutive sessions, the discrimination training was considered complete.
During testing, completing a FR requirement on either lever resulted in delivery of a pellet. Water was always administered for the first test, followed by 1.0 g/kg ethanol, then intermediate and increasing doses of ethanol to obtain an ED 50 . The other test drugs were administered intraperitoneally generally in the following order: allopregnanolone, pregnanolone (neuroactive steroids), pentobarbital (barbiturate), midazolam (benzodiazepine), dizocilpine (NMDA receptor antagonist), trifluoromethylpiperazine (TFMPP) (nonselective 5-HT receptor agonist), and 5-methoxy-3-(1,2,3,6-tetrahydropyridin-4-yl) 1H-indole (RU 24969) (5-HT 1A/1B receptor agonist; Doods et al., 1985) . However, tests of individual drugs were widely distributed over time resulting in great overlap. Rats were immediately placed in the operant chamber for the pretreatment interval after drug administration. After 30 min, all lights were illuminated and both levers extended into the chamber. Each session ended after 20 reinforcers were delivered or after 30 min, whichever occurred first. Drugs were tested after water and/or ethanol training sessions if 90% of responses in the entire session and 70% of responses in the first FR were to the appropriate lever for two consecutive sessions, or three consecutive sessions following a session in which discrimination performance did not match these criteria. For the current study, 603/ 782 (77.1%) of doses tested were administered after both a water and an ethanol training session (double determination), with 65 tests (8.3%) occurring after a water training session only and 103 tests (13.2%) occurring after an ethanol training session only (single determination). All results contributing to calculation of the ED 50 were double determined. Single determinations most often reflect that the dose tested resulted in zero responses during the session and occasionally that the rat failed to consume an entire meal the following day such that the dose was not retested. Because of experimenter error, 1.4% of tests were conducted twice with both tests occurring after ethanol or water training sessions.
Vaginal lavage
Between 10:00 and 13:00 h, cells were sampled from the vaginal epithelium by briefly restraining the rat and inserting a glass pipette with a rubber bulb 2-3 mm into the vagina. A small amount (< 50 ml) of sterile water was introduced into the vagina and then retrieved by the pipette two to three times to obtain the cells. The sample was placed on a glass slide and dried before cytological assessment to determine estrus cycle phase (Everett, 1989) . During acquisition and testing, estrus cycle phase was determined using cytological examination of vaginal smears. A majority of sessions occurred during diestrus (60.9%) with 13.6% of sessions occurring in estrus and 20.7% of sessions occurring during proestrus. Because of absent or insufficient samples, 4.9% of sessions were not characterized for estrus cycle phase. Intact estrus cycles were observed in all sham rats throughout the (mean±SD) 324±24 days of the experiment on which vaginal cytology was examined.
Blood-ethanol concentration
All rats were administered 1.0 g/kg ethanol and 30 min later, 20 ml blood was collected from the medial saphenous vein using a 25 G needle and microcapillary tube. The samples were immediately diluted into 500 ml of a matrix of 4 mmol/ l n-propanol in deionized water. The blood sample in matrix was then capped and thoroughly vortexed in a 2.0 ml crimptop vial. Analysis was performed using ambient headspace sampling gas chromatography (Agilent 6890N GC, using a DB-ALC1 column; Agilent, Wilmington, Delaware, USA) on a 30 ml aliquot, as previously described (Finn et al., 2007) . Six sets of ethanol standards (0.1-3.0 mg/ml), including n-propanol (internal standard), were run in parallel with the samples.
Drugs
Anhydrous ethanol (1.0 g/kg; Pharmco-Aaper, Shelbyville, Kentucky, USA) was diluted to 15% (w/v) with tap water and administered (< 7 ml/kg, intragastrically) 30 min before each training session. Allopregnanolone and pregnanolone were suspended in 45% b-cyclodextrin (Sigma, St Louis, Missouri, USA) the night before the test session, and stirred overnight in a walk-in refrigerator Ovariectomy and ethanol discriminative stimulus Helms et al. 97 (41C). Allopregnanolone and pregnanolone were administered in volumes less than 3 ml (intraperitoneally). Steroids in solution were used up to 4 days after they were initially prepared, then discarded. Pentobarbital (1-17 mg/kg), midazolam (0.30-5.6 mg/kg; Oregon Health & Science University Pharmacy, Portland, Oregon, USA), TFMPP (0.1-1.7 mg/kg) and RU 24969 (0.1-1.0 mg/kg; Sigma) were prepared fresh immediately before each test (intraperitoneally). The dose range was selected based on previous tests in male rats.
Hormone assays
Half the rats from each group were administered water and half were administered 1.0 g/kg ethanol (i.g.) with these subgroups matched for ethanol substitution ED 50 . Thirty minutes later, trunk blood (B5 ml) was obtained following decapitation without anesthesia because previous reports indicated that ACTH levels from trunk blood obtained by decapitation under anesthesia (CO 2 or pentobarbital) were 2-13-fold greater than when anesthesia was absent (Vahl et al., 2005) , which could confound an effect of ethanol. The whole blood was stored on ice (< 60 min) until centrifuged (15 min, 41C). The plasma was stored at -801C until assayed for ACTH, pregnenolone, DOC and progesterone by radioimmunoassay (RIA) and enzyme immunoassay (EIA) at the Endocrine Technology and Support Core Lab at the Oregon National Primate Research Center/Oregon Health & Science University. Briefly, plasma samples (20 ml) were extracted with 6 ml diethyl ether, dried under an air stream and redissolved in assay buffer (0.1% gel PBS) for a specific RIA. Hormonal values were corrected for extraction losses, determined by radioactive trace recovery at the same time with sample extraction, which ranged between 80 and 90% recovery rate. The sensitivity was less than 5 pg/tube for DOC. The intraassay variation was 8.61%. Plasma progesterone was determined using a RIA kit (Diagnostics Systems Lab, Webster, Texas, USA). This assay had a sensitivity of 0.34 ng/ml and a range up to 60 ng/ml. The kit came with two controls. The intra-assay variation was 5.15%. Rat ACTH was determined using a multispecies direct ACTH EIA using 200 ml per sample (DRG International Inc., Mountainside, New Jersey, USA). The assay had a sensitivity and range of 7.8-584.0 pg/ml with high and low controls provided in the kit. The intra-assay variation was 1.51%. For pregnenolone, 100 ml of each plasma sample was extracted using 5 ml of ether before they were assayed by a specific EIA kit (Alpco, Salem, New Hampshire, USA). The assay had a sensitivity and range of 0.1-25.6 ng/ml with a control included in the assay kit. The intra-assay variation was 10.29%.
Data analysis
Percentage responding on the ethanol-appropriate lever (total responses on the ethanol-appropriate lever/total responses) and percentage of baseline response rate were the primary-dependent variables. Ethanol-appropriate responding was averaged from all determinations when multiple determinations of the same test dose were conducted. Complete and partial substitutions were defined, respectively, as at least 80% and at least 20-79% of responses on the ethanol-appropriate lever. Baseline response rate was calculated by averaging response rates (total responses/session time) for each ethanol and water training session immediately preceding a test. The dependent variables were analyzed separately for each drug, using linear mixed models with rat, group, and dose as classification variables and dose as a repeated variable. Separate models were run exclusively for sham rats that included estrus cycle phase and drug dose only. The results presented are from models using optimal covariance structures determined by Schwarz's Bayesian Information Criteria. Bonferroni's corrected pair-wise comparisons were used to evaluate main effects and interactions. The dose at which response rate was decreased by 50% from baseline (ED 50 ) was computed using linear interpolation between the two doses that encompassed the 50% effect (Excel). When a drug completely substituted for ethanol, the ED 50 was computed similarly. The two groups were compared using independent-samples t-tests for which the Satterthwaite approximation (as indicated by degrees of freedom) was used when variance significantly differed between the groups according to a folded F-test. For all tests, a was 0.05. Analyses were conducted using SPSS 14.0 (SPSS Inc., Chicago, Illinois, USA) and SAS 9.2. (SAS Inc., Cary, North Carolina, USA)
Results
The groups did not differ significantly in the number of sessions necessary to acquire responding up to FR-10 (mean±SD: sham, 26.6±8.3; OVX, 34.3±13.9 sessions) [t(24) = 1.74, P = 0.09]. Sham and OVX rats' responding on the FR-15 schedule stabilized after a similar number of sessions (sham, 12.5±7.3; OVX, 11.3±7.2 sessions) [t(24) = -0.44] with three sham rats and two OVX rats being trained for the maximum of 25 sessions. Response rate at the final reinforcement schedule did not differ between sham (0.32±0.18 responses/s) and OVX (0.32±0.17 responses/s) rats. The number of sessions required for complete discrimination training, excluding the 10 forced-choice sessions, did not differ significantly between OVX (65.8±42.6 sessions) and sham (49.6±20.1 sessions) rats [t(15.1) = 1.2, P = 0.25]. The groups also did not differ in blood-ethanol concentration (BEC) 30 min after administration of 1.0 g/kg ethanol (intragastrically), t(17.3) = -1.6, P = 0.13 (OVX, 76.3±5.7 mg/dl; sham, 82.2±12.2 mg/dl).
Percent ethanol-appropriate responding increased dose dependently after administration of every test drug [ Fig. 1 ; ethanol, F(4, 217) = 148.0, P < 0.001; allopregnanolone, F(8, 209) = 9.5, P < 0.001; pregnanolone, F(9, 167) = 4.5, P < 0.001; pentobarbital, F(7, 191) = 15.3, P < 0.001; midazolam, F(10, 190) = 6.9, P < 0.001; dizocilpine, F(6, 160) = 24.7, P < 0.001; TFMPP, F(8, 182) = 3.8, P = 0.001; RU 24969, F(8, 178) = 1090.6, P < 0.001]. There were no significant interactions between dose and group. The absence of significant interactions between dose and estrus cycle phase for a majority of drugs indicated that percentage ethanol-appropriate responding did not vary across estrus cycle phase [ethanol: F(10, 110) = 1.9, P = 0.056; allopregnanolone, F(11, 95) = 1.3; midazolam, F(10, 79) = 0.5; pentobarbital, F(8, 78) = 0.8; dizocilpine, F(7, 61) = 0.4; RU 24969, F(10, 55) = 1.4]. However, a significant interaction for TFMPP [F(11, 69) = 2.0, P < 0.05] and follow-up post-hoc tests, indicated that 0.56 mg/kg TFMPP resulted in greater ethanol-appropriate responding during estrus (mean±SD, 69±46%, n = 4) compared to diestrus (26±43%, n = 12) but not proestrus (61±49%, n = 2), but this probably reflected intersubject variability because different rats were represented across the different phases.
Response rate was not suppressed by ethanol [F(4, 217) = 2.0, P = 0.1]. In contrast, the percentage of baseline response rate decreased dose dependently after administration of allopregnanolone [F(8, 220) = 9.5, P < 0.001], dizocilpine [F(7, 169) = 12.0, P < 0.001], and TFMPP [F(8, 190) = 9.1, P < 0.001], and did not vary between the groups. Administration of pregnanolone resulted in a dose-dependent suppression of response rate [F(9, 191) = 5.6, P < 0.001]. There was no significant interaction between group and dose, but there was a significant main effect of group [F(1, 191) = 4.3, P < 0.05] reflecting less overall suppression of response rate in OVX (mean±SD, 90±46%) compared to sham (76±46%) rats administered pregnanolone. Midazolam likewise suppressed response rate as indicated by a significant main effect of dose [F(10, 196) = 20.2, P < 0.001]. A significant interaction between group and dose [F(8, 196) = 2.7, P = 0.007] reflected less suppression after 10.0 mg/kg midazolam in OVX (40±15%, n = 4) compared with sham (2±1%, n = 2) rats ( Fig. 1) . Pentobarbital suppressed response rate [F(8, 203) = 16.3, P < 0.001] and a significant main effect of group [F(1, 203) = 6.1, P = 0.01] was due to a overall slightly lower response rate suppression in sham (96±47%) compared with OVX (90±48%) rats. Response rate was decreased by RU 24969 [F(8, 187) = Ovariectomy and ethanol discriminative stimulus Helms et al. 99 3.6, P = 0.001], and there was a significant interaction between dose and group [F(6, 187) = 3.3, P = 0.005] reflecting a greater suppression of responding in sham (30±38%, n = 7) compared to OVX (105±28%, n = 3) rats in tests with 3.0 mg/kg. The absence of significant interactions between dose and estrus cycle phase indicated that percentage of baseline response rate did not vary across estrus cycle phase [ethanol: F(10, 110) = 1.9, P = 0.058; allopregnanolone, F(11, 101) = 1.6, NS; midazolam, F(11, 80) = 0.8; pentobarbital, F(8, 83) = 0.5; dizocilpine, F(8, 65) = 0.9; TFMPP, F(11, 75) = 1.4; RU 24969, F(10, 60) = 1.3]. There was a significant interaction between estrus cycle phase and pregnanolone dose [F(9, 83) = 2.7, P < 0.01], and post-hoc tests indicated that response rate was suppressed by 5.6 mg/kg pregnanolone during diestrus (mean±SEM, 65±12%, n = 19) but not proestrus (126±19%, n = 6; estrus, 100±13%, n = 3). Greater response rate suppression was also observed during diestrus (35±14%, n = 10; proestrus, 32±30%, n = 3) compared to estrus (96±20%, n = 6) after administration of 10 mg/kg pregnanolone.
As expected, all rats showed complete substitution in tests with ethanol. Two-sample tests of proportion revealed no significant difference between the percentage of OVX and sham rats for which the following drugs completely substituted for ethanol: allopregnanolone (OVX, 58%; sham, 50%: Z = -0.4), pregnanolone (OVX, 67%; sham, 36%: Z = -1.6, P = 0.12), pentobarbital (OVX, 75%; sham, 86%: Z = 0.7), midazolam (OVX, 58%; sham, 78%: Z = 1.1), dizocilpine (OVX, 83%; sham, 64%: Z = -1.1), or RU 24969 (OVX, 50%; sham, 64%: Z = 0.7). In contrast, TFMPP completely substituted in a greater percentage of sham (64%) compared with OVX (25%; Z = 2.0, P = 0.045; Fig. 2 ). The substitution patterns of individual rats for all test drugs showed that complete substitution of every test drug was observed only in two rats (OVX, 6 and 11), indicating robust production of ethanol-like stimulus effects via multiple, as well as individual, receptor subtypes. However, in the majority of sham (64%) and a proportion of the OVX rats (25%), several test drugs completely substituted and one or two test drugs produced partial substitution. In many OVX (50%) and some sham rats (36%), a majority of the test drugs produced partial or no substitution.
Among rats for which ED 50 was calculable, the ED 50 for substitution did not differ significantly between the groups for any of the drugs tested according to independent-samples t-tests [ethanol, t(24) = -0.7; allopregnanolone, t(12) = -0.5; pregnanolone, t(11) = 0.2; pentobarbital, t(19) = -1.8; midazolam, t(16) = 0.3; dizocilpine, t(17) = 0.9; TFMPP, t(10) = -1.0]. Among rats for which RU 24969 completely substituted for 1.0 g/kg ethanol, however, the mean ED 50 for OVX rats tended to be lower than among intact rats [t(13) = -2.1, P = 0.052; Table 1 ]. Among rats for which the test drugs decreased response rate to 50% or less of baseline, the potency of response rate suppression did not differ between the groups for a majority of drugs [allopregnanolone, t(10.8) = -0.6; pregnanolone, t(7.1) = 1.5; pentobarbital, t(13) = -1.2; midazolam, t(11) = -0.7; dizocilpine, t(12) = 0.2; TFMPP, t(12) = -0.7]. However, RU 24969 decreased response rate more potently in OVX compared with sham rats [t(10) = -2.4, P < 0.05].
One-way analysis of variance indicated no significant main effects or interactions involving group or treatment on plasma hormones. Among sham rats, mean (±SD) ACTH was 3.2±4.4 and 2.3±5.7 pg/ml after treatment with water and ethanol, respectively, and 12.0±13 and 3.7±4.5 pg/ml among OVX rats after the same treatments. Sham rats' pregnenolone concentrations after water and ethanol treatment were 0.8±0.2 and 1.0±0.3 ng/ml, and OVX rats had 0.9±0.3 and 0.8±0.3 ng/ml after these treatments, respectively. Progesterone concentrations were 7.1±5.0 and 10.6±5.4 ng/ml after water and ethanol treatment among sham rats, respectively, with the same treatments resulting in 5.7±3.2 and 5.6±4.0 ng/ml progesterone in OVX rats. Lastly, DOC concentrations after water and ethanol treatment were, respectively, 13.2±5.8 and 8.7±2.5 ng/ml in sham rats, and 10.7±4.1 and 10.4±4.8 ng/ml in OVX rats.
Discussion
The present study indicates that, in rodents, the receptors known to mediate the discriminative stimulus effects of ethanol in males are also major mediators in females. Past studies of males in this lab, using the same training dose and pretreatment interval as the current study, showed complete substitution of allopregnanolone and pregnanolone for ethanol (80-100% substitution, Long-Evans; Bowen et al., 1999) . In the current study, substitution of neuroactive steroids was lower (67%) in females, suggesting that neuroactive steroids produced weaker ethanol-like discriminative stimulus effects compared with male rodents in previous studies. This sex difference is not observed in cynomolgus macaques, for which both allopregnanolone and pregnanolone completely substituted in both sexes , possibly because of species differences in cycle duration particularly with respect to the prolonged luteal phase in primates. Similarly, we observed lower efficacy of RU 24969 in female compared to male rats previously studied under the same training conditions (100% of male rats showing complete substitution; Grant et al., 1997b) , indicating that 5-HT 1A/1B receptors have a weaker role in the discriminative stimulus effects of ethanol in female rodents. In contrast, substitution of the nonselective 5-HT receptor agonist TFMPP in the current study was similar to the 60% substitution observed in a study of male rats (Grant and Colombo, 1993b) . Barbiturate, benzodiazepine and NMDA receptor antagonist substitution for the discriminative stimulus effects of ethanol was similar between females in the current study and males in past studies. Previously, pentobarbital substituted for 1.0 g/kg ethanol (30-min pretreatment; Grant and Colombo, 1993a) in 80-100% of male Long-Evans rats tested, within range, but not overlapping, with the percentage substitution observed in the current study. The substitution of midazolam in our study was similar to the 75% substitution observed in male rats (Grant, 1999) and the partial substitution of dizocilpine in female rats in the current study is consistent with partial substitution observed by Grant and Colombo (1993b) .
The data suggest that female rodents and nonhuman primates differ greatly in the receptor mediation of the discriminative stimulus effects of ethanol, as the discriminative stimulus effects of ethanol in nonhuman primates are produced by redundant receptor mechanisms . In contrast, the current study indicates that ethanol effects on multiple receptor subtypes are necessary for female rats to discriminate ethanol from water. Individual substitution patterns indicated that for most of the female rats in the current study tests involving any single receptor type produced only one component of the ethanol stimulus, resulting in partial substitution. The present study tested a majority of the receptor types known to mediate the discriminative stimulus effects of ethanol to survey the role of gonadal hormones. However, additional receptor subtypes not tested include sigma receptors and metabotropic glutamate receptors . For example, previous studies reported bidirectional substitution of ethanol and pregnanolone in some rats (Bowen et al., 1999; Gerak et al., 2008) , and a sigma receptor agonist fully substituted for pregnanolone (Engel et al., 2001) , and for ethanol (Hundt et al., 1998) . Variation in endogenous hormones could therefore affect the contribution of these receptor subtypes not included in the current study, particularly sigma receptors.
Removal of ovarian hormones by ovariectomy primarily affected 5-HT receptor mediation of the discriminative stimulus effects of ethanol. The potency of RU 24969 substitution was on average lower among intact females (0.79 mg/kg) compared with OVX rats (0.38 mg/kg) in the current study and male rats in previous studies (0.3 mg/kg; Grant et al., 1997b) , suggesting that progesteronederived ovarian hormones affect the signaling of 5-HT receptors in the presence of ethanol, although the current study cannot exclude a role for estrogen. Significantly fewer OVX rats showed complete substitution of TFMPP compared with sham rats. The suppression of response rates by RU 24969 at the highest dose tested was greater in sham rats, suggesting that ovarian hormones increased the sedative effects of 5-HT receptor agonists. Previous studies reported that 5-HT neuron firing in the dorsal raphe nucleus is significantly greater in male rats compared with free-cycling or OVX females, and 5-HT neuronal firing increased during pregnancy in concordance with increasing levels of circulating progesterone (Klink et al., 2002) . A similar trend is present in nonhuman primates. Long-term ovariectomy in Japanese macaques was associated with decreased 5-HT cell number and density of the 5-HT 1A autoreceptor, Fev transcription factor differentiating and maintaining serotonergic neurons, serotonin reuptake transporter, and TPH2 (gene coding for the rate-limiting enzyme in 5-HT synthesis; Bethea et al., 2011 5-HT receptor subtypes in the discriminative stimulus effects of ethanol, as 5-HT 3 but not 5-HT 2 (Szeliga and Grant, 1998) receptors have been implicated in ethanol discrimination. Additional studies focusing on the interaction between ovarian hormones and 5-HT receptor mediation of the discriminative stimulus effects of ethanol could test drugs with selectivity for single receptor subtypes that have been previously studied in males, for example 5-HT 1B (CGS 12066B; Grant et al., 1997b) and 5-HT 1A (8-OH-DPAT, buspirone (Grant et al., 1997b; Signs and Schechter, 1988) .
The similar BEC after administration of 1.0 g/kg ethanol between OVX and sham rats in the current study suggests that elimination of ovarian hormones did not affect ethanol pharmacokinetics and cannot account for group differences in test drug substitution. We did not observe a relationship between BEC and estrus cycle phase.
Previous studies in female rats demonstrated that BEC following an acute high dose of ethanol (4 g/kg, intraperitoneally) was significantly reduced during proestrus compared with the first day of diestrus (Stojanović et al., 1996) , indicating an effect of reproductive hormone fluctuation on metabolism of sedative doses of ethanol to which discriminative stimulus effects are not relevant because of the absence of behavior during sedation. Additional studies are needed in female rats trained to discriminate 2.0 g/kg ethanol, which could uncover greater differences between sham and OVX rats, particularly in NMDA receptor mechanisms (Grant and Colombo, 1992) . Female rats tend to have higher BEC than male rats (Rivier, 1993) . However, another study reported similar ethanol concentration within the nucleus accumbens, a brain area mediating the discriminative stimulus effects of ethanol (Hodge et al., 2001) , between males and females, and across estrus cycle phases (Crippens et al., 1999) . Sex differences in receptor mediation of the discriminative stimulus effects of ethanol, as suggested by comparison of the current study in females with previous studies of males, are unlikely to be related to ethanol distribution and metabolism.
Individual differences in hormone concentrations precluded any significant differences between the groups. Sham rats had on average slightly greater progesterone compared with OVX rats, which would be expected because of removal of the ovaries. The difference in progesterone between the groups in the current study was less than previously reported (e.g. sham, 17.4 ng/ml; OVX, 2.7 ng/ml; Ford et al., 2004) using a different surgical method. Other research indicated that the presence of plasma progesterone in OVX rats is expected because peripheral reproductive hormones are also produced by the adrenal glands (Corpéchot et al., 1993) . A study by Flores et al. (2008) revealed that the adrenals are the main source of progesterone during the rat estrus cycle, as bilateral ovariectomy did not decrease serum progesterone, whereas bilateral adrenalectomy resulted in a significant decrease in progesterone. In another study, ovariectomy resulted in a greater than three-fold decrease in serum concentration of the progesterone metabolite allopregnanolone, which was only slightly decreased in frontal cortex (Pluchino et al., 2008) . Minimal differences between sham and OVX rats in the receptor mechanisms mediating the discriminative stimulus effects of ethanol could therefore be related to brain steroidogenesis.
The precursors pregnenolone and DOC (precursor to THDOC) did not increase after acute ethanol. The absence of differences in plasma hormone levels between the groups after either gavage treatment is consistent with the absence of differences in test drug substitution. Under the conditions of the current study in rats, ethanol did not significantly influence plasma hormone concentrations and, therefore, ethanol-induced release of peripheral hormones is unlikely to have contributed to the discriminative stimulus effects of ethanol. In contrast, in male rats, acute ethanol increased ACTH (1.0 g/kg, Rivier, 1993; 1.5 g/kg, Boyd et al., 2010b) , allopregnanolone (1.5 g/kg; Porcu et al., 2010) , DOC (2 g/kg; Khisti et al., 2005) , and the precursors progesterone and pregnenolone (1.5 g/kg; Boyd et al., 2010b) . The absence of ethanol effects in the current study could be related to sex, dose or experimental history, for example chronic ethanol results in tolerance to ethanol-induced ACTH, progesterone and pregnenolone (Boyd et al., 2010a) .
Overall, these studies suggest that, unlike primates, for which redundant receptor mechanisms mediate the discriminative stimulus effects of ethanol, female rodents use a combination of receptor mechanisms, with fewer female rats using neuroactive steroid-sensitive and 5-HT receptors compared with males. The lower sensitivity of females to the ethanol-like discriminative stimulus effects of neuroactive steroids in the current study resembles the lower sensitivity to allopregnanolone of ethanol drinking in females compared with males (mice; Finn et al., 2010) . Additional studies could determine whether sex differences in the ethanol-like discriminative stimulus effects of neuroactive steroids could contribute to the biological bases underlying sex differences in ethanol self-administration.
